The ridging phenomenon of type 430 stainless-steel originates from the texture due to crystal plasticity anisotropy. Thus, to predict the antiridging property, we must continuously analyze the hot-rolling, hot-rolling and annealing, cold-rolling, cold-rolling and annealing textures. However, it has been previously difficult to analyze the recrystallization texture. We thus developed a model to predict the recrystallization texture coupled with the Taylor rolling model. Furthermore, the ridging index was calculated in order to estimate the plasticity in type 430 stainless-steels. The plasticity prediction method was applied to type 430 stainless-steel strips rolled at a low temperature with a high reduction rate in an actual tandem hot strip mill.
Introduction
The thermomechanical controlled process (hereafter called the TMCP method) has been prevalent in producing finemicrostructure steels by optimizing the rolling temperature, rolling reduction and cooling rates. The TMCP method was developed in the 1970s to improve the low-temperature toughness of hot plates and has recently been developed both in bar rolling and in tandem hot strip rolling. 1) Ferritic stainless-steel strips are widely used in electric appliances and housing applications because of their high anticorrosion properties and attractive appearance. Ferritic stainless steels, however, exhibit a ridging phenomenon because they hardly recrystallize during hot rolling, do not undergo a phase transformation after hot rolling, and their casting structure easily remains in the final products. 24) Thus, to improve the antiridging properties, type 430 stainless-steels were hot rolled at a low temperature with a high reduction rate in an actual tandem hot strip mill, which has rolling stands with different diameters and laminar flow cooling devices in the final finishing stands. 5) The ridging phenomenon originates from casting colonies being formed as a result of crystal plasticity anisotropy. 69) Prediction of the antiridging properties required continuously analyzing the hot-rolling, hot-rolling and annealing, coldrolling, and cold-rolling and annealing textures. However, it has previously been difficult to analyze the recrystallization texture.
1018) Thus, a model to predict the recrystallization texture using the Taylor rolling model was developed. 19, 20) The texture prediction model was then applied to a new stainlesssteel strip of type 430 rolled at a low temperature with a high reduction rate in an actual tandem hot strip mill. Furthermore, the ridging index was calculated from the analyzed texture to predict the plasticity of ferritic stainless-steels. 6) 
Thermomechanical Simulator of Type 430 StainlessSteel
To investigate the recrystallization behavior at a high temperature, a type 430 stainless-steel was hot-compressed with a reduction of 75% at 1073 to 1373 K. The chemical composition was 0.06C0.25Si0.60Mn16.0Cr (mass%). Figure 1 shows the thermomechanical compression patterns under plain strain conditions. Figures 2 and 3 show strain stress curves and the microstructures at the thickness center compressed at 1073, 1223 and 1373 K, respectively. It is considered that partial recrystallization occurs in the temperature range from 1223 to 1373 K, but no recrystallization occurs at 1073 K, because a few small equiaxed grains were observed at 1223 and 1373 K, and the flow stress at 1073 K is much higher than those at 1223 and 1373 K. Thus, it is concluded that the type 430 steel compressed at 1073 K has a higher residual strain than those compressed at 1223 and 1373 K. Figure 4 shows inverse pole figures of the compressed type 430 compression samples obtained at the thickness center using the electron backscatter diffraction pattern method (hereafter called EBSD). Since type 430 steels do not transform, a bcc typical rolling texture is suggested. It is considered that partial recrystallization occurs either during compression or after compression at 1373 K. Tables 1 and 2 show the rolling conditions in the actual tandem hot strip mill. The chemical composition was 0.06C 0.25Si0.60Mn16.0Cr (mass%), the thickness of the slab was 250 mm. The slab was reheated at 1433 K and roughly rolled into a hot bar with a 36.5 mm thickness in seven passes and finish-rolled into a hot strip with a 3 mm thickness in six passes. The two kinds of finishing schedules were employed, although the roughing conditions were the same for both types. The final three rolling reductions of the rougher were 27.0%(R5), 31.6%(R6) and 28.6%(R7), and the roughing delivery temperature was 1293 K. The texture at the thickness center of the rough-rolling bar by the EBSD is shown in Fig. 5 . Generally, the type 430 steel produced by roughrolling at a high temperature with a high reduction rate can recrystallize. The finishing delivery temperature for case 1 was 1238 K and that for case 2 was 1100 K, that is, case 1 was a high-reduction rate high-temperature rolling, while case 2 was a high-reduction rate low-temperature rolling in the finishing train. The rolling reduction of the last three stands in the finishing train were 31.7%(F4), 27.7%(F5) and 25.3%(F6). Rolling strips were cooled by air on the run out table and coiled. Figure 6 shows the microstructure of the hot strips for the two cases obtained at the thickness center. The grains in case 2 were more elongated than those in case 1. Table 3 shows the mechanical properties of the hot strips. The tensile strength for case 2 was higher than that for case 1, because the hot strip in case 2 should have more residual dislocations than in case 1. It was confirmed that the case 2 strip has more residual strain than the case 1 strip using the halfwidth values of the X-ray diffraction, as shown in Fig. 7 . Half-width value of case 1 and case 2 were 0.0104 and 0.0123 radians, respectively.
Next, the hot strips both in case 1 and case 2 were annealed at 1123 K for 8 h and cold-rolled to a thickness of 0.5 mm, then annealed at 1193 K for 2 min. Figure 6 and Table 3 show the microstructures and mechanical properties of the annealing hot and cold bands, respectively. For both bands, the tensile strength for case 1 was lower than that for case 2. It is concluded that the grains for case 1 recovered more rapidly than those for case 2 because the residual strain of the hot-rolling strips for case 1 was lower than that for case 2, as shown in Fig. 7 . Moreover, after cold-rolling and annealing, the recrystallized grains in case 1 grew faster than those in case 2. The ridging values of the cold-rolling and annealing strips are shown in Table 4 and Fig. 8 . Ridging density is the number of ridging in 20 mm length. The antiridging property in case 2 was superior to that in case 1. As the ridging density was inversely proportional to the grain size, the ridging in case 1 was steeper than that in case 2. 
Analyses of Rolling and Recrystallization Textures

Taylor rolling model
In this study, we made the following assumptions in the rolling texture analysis. The critical shear stress for all slip systems was the same and calculated from the equivalent flow stress divided by the Taylor Factor. The equivalent flow stress was analyzed from the measured rolling load using the Orowan rolling theory model. 21) Hereafter, X i (i = 1, 2, 3) is the vector component of X in an orthogonal coordinate system. The displacement velocity vector _ u can be expressed as
where, _ £, x, a and b are the slip rate, the position, the unit vector normal to the slip plane and the unit vector in the slip direction, respectively. Thus, the plastic strain rate D P and plastic spin W P can be defined using eqs. (2) and (3), respectively.
where
where, the plastic strain rate D P ¥ D is calculated using the Orowan rolling theory model.
The b.c.c. crystal lattice has 12 f110gh111i slip systems, 12 f112gh111i slip systems and 24 f123gh111i slip systems. The strain equilibrium, the shear stress of each slip system, the rate-dependent rule and boundary condition are expressed using eqs. (6)(9), respectively. Equation (6) implies that the sum of the slip values £ j multiplied by P ij for each slip system in a crystal is equal to the sum of the microstrains ¾. Equation (7) gives the relationship between the microstress · and the resolved shear stress¸acting on the slip plane. Equation (8) is the Asaro rate-dependent rule and m is a material parameter. 22) For the boundary conditions, the microstrain ¾ is assumed to be equal to the macrostrain E in accordance with the Taylor theory, as shown in eq. (9) .
" ¼ E ð9Þ where, _ £ 0 ,¸y and dt are the reference slip strain rate, the critical shear stress and the time increment, respectively. The critical shear stress¸y can be expressed aş
where TF is the average Taylor Factor for all orientations. The Taylor Factor was calculated under plain strain conditions, thus macrostrain tensor E was explained below.
where x, y, z was the rolling direction, the thickness direction and the width direction, respectively. S is the equivalent flow stress, which was determined from the measured rolling force using the Orowan rolling theory model. The initial Taylor factor of b.c.c. crystals T F 0 is 2.75.
23)
On the basis of Lee's elastic-plastic decomposition of a deforming material, 24) the deformation gradient tensor F and velocity gradient tensor L of a crystal can be expressed using the following equations.
where, R, U, D and W are the rotation tensor, stretch tensor, strain rate tensor, and total spin tensor, respectively. D and W are calculated using the Orowan model. 19) As a result, the lattice rotation spin tensor is indicated by eqs. (14) and (15) .
The rotation tensor R is obtained using eqs. (16) and (17). I is the identity tensor.
The parameters of the Asaro rate-dependent rule are the same as in our previous report. 19 ) _ £ 0 is 100 and m is 0.05.
Recrystallization model
We introduced conventional assumptions to predict the recrystallization texture based on the preferential orientation model. 10) Nucleation occurs from piled-up dislocations at grain boundaries and the recrystallized grains have the same orientations as deformed grains. The number of microscopic slips is equal to the number of dislocations, as shown by
where d£, µ, b and x are the incremental slip value, the number of dislocations, the burgers vector and the displacement, respectively. Thus, the total number of microscopic slips ¥ is estimated as the total number of dislocations piled up at the grain boundaries as described by
For prediction of the recrystallization texture, the following assumptions are introduced. First, as the hot rolling and annealing, grains with a small total number of microscopic slips might obtain a preferred orientation. Second, as the cold rolling and annealing, grains with a high total number of microscopic slips might obtain a preferred orientation. The first assumptions were valid as indicated in our previous report. 20) These assumptions were introduced for the static recrystallization in the interval of hot-rolling. High temperature uniaxial compression of Fe3%Si alloy showed that fiber texture with {001} and {111} was formed as major and minor component. 25) Our thermomechanical compression of type 430 stainless steel under plain strain conditions was the same pattern as shown in Fig. 4 . We suppose that the crystal orientation of the statically recrystallized grains would be the same as that of the grains with a small total number of microscopic slips. Figure 9 shows a flow chart of the texture calculation during hot-rolling. Our hot-rolling texture model was constituted of the Orowan rolling model, the Taylor rolling texture model and the Recrystallization texture model.
Calculation step was one-fiftieth of rolling time. The Taylor Factor in eq. (10) was updated once a calculation step was completed to reflect the texture evolution. As type 430 stainless steel hardly dynamically recrystallized during hotrolling, dynamic recrystallization ratio assumed to be zero in this model.
Application of recrystallization texture model to
actual rolling First, the type 430 stainless-steel hot-rolling texture of the finishing roll schedule shown in Table 2 was analyzed. The steel, finish rolled at a high temperature with a high reduction rate as case 1 can recrystallize at the intervals of each rolling pass. On the other hand, the steel for case 2, finish rolled at a low temperature with a high reduction rate cannot recrystallize. Kimura proposed a static recrystallization rate for ultralow-carbon ferritic stainless steel as 4) 
where t 0.5 , d 0 , " ¾ and _ " ¾ are the 50% recrystallization time, the initial grain size, the equivalent strain and the equivalent strain rate, respectively. Q (200 kJ/mol), R and T are the activation energy, the gas constant and the temperature, respectively. The static recrystallization ratios of each stand are shown in Fig. 10 . Figure 11 shows the observed and analyzed hot-rolling textures for case 1 and 2 using the recrystallization model coupled with the Taylor rolling texture model. There was a slight difference between the predicted and measured textures. Although the grain size was assumed to be equal in our texture model, the recrystallized grains were smaller than the deformed non-recrystallized grains, and grain size could affect the pole figures measured by the EBSD. Furthermore, crystal rotation in the polycrystal model was more promoted than in actual rolling because of no grain boundary restriction. Figure 12 is histograms of the total number of microscopic slips for about 4000 grains in the finished rolling schedule shown in Table 2 , calculated by the recrystallozation texture evolution model. A horizontal unit in the histogram is one microscopic slip in the slip system. The total number of microscopic slips for case 2 was higher than that for case 1. Final total number of microscopic slips assumed to be residual strains. Therefore, more strain was observed in the case 2 rolling strip than in the case 1 rolling strip. To make type 430 stainless-steel strips exhibit good antiridging properties, they should have a nearly random orientation after cold-rolling and annealing. Thus, recrystallization for case 1 and 2 were investigated to affect final orientation by the recrystallization texture evolution model. In the case 1, rolling with a high reduction rate at a high temperature made recrystallization at the intervals of each rolling pass. In the case 2, rolling with a high reduction rate at a low temperature accumulated strains which made recrystallization during hot band annealing.
26)
Second, grains of 10% low ranks in the total number of microscopic slips were selected from Fig. 12 . Third, the cold- rolling texture was calculated by the Taylor rolling model whose initial texture was the predicted hot-rolling and annealing one. Finally, grains of 10% high ranks in the total number of microscopic slips were selected. Figure 13 shows the predicted texture of the cold-rolling and annealing strip by the continuous texture prediction method. 20) Although this recrystallization model was the first approximation, prediction accuracy was qualitatively good. However, many problems exit in this model. For example, it's not considered that grain growth affects crystal orientation. Furthermore, this model might be useful to texture evolution of only the b.c.c. crystals because the f.c.c. crystals sometime cross slip or twin. Figure 14 shows the ridging height obtained by the Wu method, 6) which indicated thickness direction strain distribution after being 15% stretched. Standard deviation of case 1 was 0.014 and of case 2 was 0.012. Thus, the calculated ridging height for case 2 was slightly better than that for case 1. While, measured ridging height of case 1 was 18.2 µm and of case 2 was 12.1 µm. Thus, our ridging prediction accuracy was underestimated. However, the developed texture prediction model is useful to optimize the best rolling condition and to predict the ridging properties for the type 430 stainless-steel strips. 
Discussion
We propose two recrystallization models based on the total number of microscopic slips. The preferential recrystallization orientation that is the same as that of the grains with a small total number of microscopic slips indicates bulging at a high-angle grain boundary. 27) On the other hand, the preferential recrystallization orientation that is the same as that of the grain with a high total number of microscopic slips indicates nucleation at a low-angle grain boundary. 28, 29) To explain the difference in the two recrystallization models, the misorientation distributions calculated by the Taylor rolling model are shown in Fig. 15 . There are two groups of misorientations namely, the low-angle and high-angle misorienation groups shown in Table 5 . Bulging at a highangle grain boundary means a low-energy block theory. While, nucleation at a low-angle grain boundary means a high-energy block theory, which nucleates from dislocation cell. During hot-rolling, dislocation density is low and straininduced grain migration occurs, while during cold-rolling with relatively high reduction, dislocation density is high and dislocation cell structures are produced. Then, as annealing the cold-rolled strip, dislocations decrease, rearrange and dislocation cell structure becomes to be sub-grains. 30, 31) Many researchers have reported both high-and low-energy block theories and we suggest that both theories are valid.
Conclusion
We developed a new ferritic stainless-steel strip (type 430) with antiridging properties by high-reduction low-temperature rolling in a tandem hot strip mill, and the prediction accuracy of the texture and formability from a hot rolling schedule to a cold rolling schedule through our texture evolution model was confirmed qualitatively. Finally, two recrystallization models, namely, bulging at a highangle boundary and nucleation at a low-angle boundary, were suggested in hot-rolled and cold-rolled materials, respectively. 
